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Abstract We analyze the rupture process of the 1999 Mw 7.1 Duzce earthquake
using seismological, remote sensing, and geodetic data. Ground deformation mea-
sured from the subpixel cross correlation of Satellite Pour l'Observation de la Terre
(SPOT) images reveals a 55 km long fault trace and smooth surface-slip distribution
peaking at 3.5–4 m. The westernmost segment overlaps for over 10 km with ruptures
from the Mw 7.4 Izmit earthquake. The 15 km long easternmost segment, which cuts
across mountainous topography, had not been reported previously. We determine a
well-constrained source model using a four-segment fault geometry using constraints
on surface fault slip and inverting Global Positioning System and Interferometric
Synthetic Aperture Radar data along with strong-motion records. Our results show
that some variability of the rupture velocity and an eastward supershear velocity
are required to fit the strong-motion data. The rise time, up to 6 sec, correlates with
cumulative slip, suggesting a sliding velocity of about 1 m=sec. The source model
predicts teleseismic waveforms well, although early by 2 sec. This time shift is prob-
ably due to the weak beginning of the earthquake that is not observable at teleseismic
distances. Strong-motion records are relatively well predicted from a source model
derived from the teleseismic data using the fault geometry derived from the satellite
images. This study demonstrates the benefit of using accurate fault geometries to
determine finite-fault source models.
Online Material: Tables of best-fitting dip angles and rupture velocities, and fig-
ures showing mutual consistency of derived displacements fields, additional slip and
rise-time models, and teleseismic waveform fit.
Introduction
One way to investigate the mechanics of seismic rupture
is by producing kinematic source models, an approach that
has become customary since the study of the 1979 Imperial
Valley earthquake (Hartzell and Helmberger, 1982; Olson
and Apsel, 1982; Hartzell and Heaton, 1983). Such models
can then be used to investigate the seismic rupture process
and fault properties, with implications for fault frictional
laws, prestress, static stress drop, or dynamic stresses on the
ruptured fault (Ide and Takeo, 1997; Bouchon et al., 1998;
Guatteri et al., 2001). An outstanding issue is the influence
of fault geometry on rupture dynamics. Geometrical irregu-
larities are known to be capable of inhibiting or arresting
seismic ruptures (Sibson, 1985; Wesnousky, 2006). More
generally, a number of characteristics of a seismic rupture,
such as the rupture velocity, the rise time (the duration of slip
at a particular point on the fault), or the stress drop, may
depend on the fault’s geometry because of its effect on pre-
stress or dynamic stress (e.g., Segall and Pollard, 1980;
Harris et al., 2002; Aochi and Madariaga, 2003). A rough
fault is expected to favor pulselike ruptures with the rise time
being only a small fraction of the total duration of the earth-
quake (Beroza and Mikumo, 1996; Nielsen et al., 2000).
Recent experimental work (Lu et al., 2007) has shown that
for smooth faults, both cracklike ruptures (where rise time is
similar to total rupture duration) and self-healing pulses are
possible depending on the prestress on the fault. Another out-
standing and related issue concerns the influence of slip het-
erogeneity on the spectrum of the radiated seismic waves
and near-source ground motion. One end-member model
assumes that rupture velocity is uniform and that the hetero-
geneity of slip on the fault is the controlling factor of the
seismic radiation (Herrero and Bernard, 1994; Lavallee et al.,
2006). Another end-member model assumes that the seismic
radiation is controlled by the variations of rupture velocity
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and rise time. In reality, heterogeneity of slip might reflect
geometric heterogeneity or heterogeneity of fracture energy
so that heterogeneities of slip, rupture velocity and rise time
are probably interrelated (Guatteri et al., 2003).
The determination of a kinematic source model is not
a straightforward exercise, and a number of simplifying as-
sumptions need to be made. As a result, source models most
commonly assume rather simple fault geometries, typically a
single planar fault segment. The pattern of radiated seismic
waves is quite sensitive to the fault geometry, especially in
the near field, so that source models are in fact quite sensitive
to the assumed fault geometry (Kaser and Gallovic, 2008)
and might thus be biased when an improper geometry is
used. A good knowledge of the fault geometry is also impor-
tant to assess the conditions (friction law and prestress essen-
tially) under which dynamic rupture models can simulate
observed ruptures (Harris et al., 2002; Aochi and Madariaga,
2003). These considerations call for some effort to use
realistic fault geometries in source model determination.
Because seismological instruments are more sensitive to
the timing than to the spatial distribution of slip, there are
trade-offs among model parameters (namely between slip,
rupture velocity, and rise time) in source models derived
from seismological records. This is especially true if no,
or poorly distributed, near-source strong-motion data are
available. The spatial distribution of slip might be better con-
strained from field measurements of fault slip and from mea-
surements of static deformation using geodetic and remote
sensing techniques. When available, such measurements
bring important constraints on kinematic source models, as
has been shown in a number of previous studies (e.g., Wald
and Heaton, 1994; Wald et al., 1996; Hernandez et al., 1999;
Ji et al., 2001; Delouis et al., 2002; Ji et al., 2004; Konca
et al., 2007).
In the present study, we model the kinematics of the rup-
ture during the Duzce earthquake, with special attention to
the fault geometry, taking into account all available geodetic
data and measurements of surface-slip distribution as well as
the strong-motion data. We complement the existing dataset
with measurements of coseismic surface offsets from the cor-
relation of optical images acquired before and after the earth-
quake using the COSI-Corr technique (Leprince et al., 2007).
These measurements place constraints on the fault geometry
and surface-slip distribution, taking into account the possibly
of off-fault distributed strain that is not generally measurable
in the field except on rare occasions (McGill and Rubin,
1999; Rockwell et al., 2002).
The Duzce earthquake is particularly interesting because
of the availability of near-source accelerometric records
(Bouchon et al., 2001; Bouin et al., 2004), of Interferometric
Synthetic Aperture Radar (InSAR) measurements (Wright
et al., 2001; Bürgmann, Ayhan, et al., 2002; Cakir, 2003),
and of detailed field investigations of surface fault slip
(Akyuz, 2002; Rockwell et al., 2002; Pucci et al., 2006,
2007). Also, this earthquake is one of the few examples
where a supershear rupture velocity has been documented
(Bouchon et al., 2001; Birgoren et al., 2004; Bouin et al.,
2004).
Using the comprehensive dataset gathered in this study,
we derive a source model of the Duzce earthquake that is
particularly well constrained and sheds light on some aspects
of earthquake physics. Our analysis also demonstrates that
taking proper account of fault geometry is an important fac-
tor in reconciling geodetic and near-source seismological ob-
servations and inferring the rupture kinematics. A corollary
of this point is that, provided optical images are available and
processed routinely, the measurements of coseismic surface
faulting from satellite imagery would significantly improve
estimates of near-field effects in close to real time.
Seismotectonic Context and Overview
of the Duzce Earthquake
The 12 November 1999 Mw 7.1 Duzce earthquake rup-
tured segments of the right-lateral North Anatolian fault zone
(NAFZ), east of the segments that had ruptured 3 months ear-
lier during the 17 August 1999 Mw 7.4 Izmit earthquake.
These two earthquakes are the most recent of a mostly west-
ward migrating sequence of major earthquakes that ruptured
the NAFZ in the twentieth century (Barka, 1996; Pondard
et al., 2007) (Fig. 1a).
Field investigations revealed surface breaks over a dis-
tance of about 40 km overlapping for about 9 km with the
Mw 7.4 Izmit rupture (Akyuz, 2002; Harris et al., 2002;
Rockwell et al., 2002; Pucci et al., 2006, 2007) (Fig. 1a).
The Izmit rupture did not propagate beyond Eften Lake
(Fig. 1b) possibly because the stepover geometric would
have arrested the rupture (Fig. 1a) or because of a stress
shadow due to a previous earthquake (Harris et al., 2002).
These field measurements reveal significant along-strike
variations in surface slip that seem correlated with the fault
geometry (Duman et al., 2005). However, this variability
does not necessarily reflect the potential heterogeneity of
stress drop. The total slip across the fault zone could indeed
be smoother than these measurements suggest if compen-
sated by shallow, distributed, anelastic deformation.
Modeling of the Global Positioning System (GPS) and
InSAR data suggests that the rupture might have extended
somewhat east of the mapped surface breaks by about
10–15 km (Bürgmann, Ayhan, et al., 2002; Cakir, 2003).
A similar inference was made from the modeling of the
accelerometric records along with GPS data (Bouin et al.,
2004), but no study was able to place any precise constraints
on that possible eastward continuation of the rupture.
The InSAR and GPS data, the location of the epicenter
6 km north of the fault trace, the aftershock distribution
(Fig. 2), and the focal mechanism derived from teleseismic
records all show that the fault is dipping to the north. The dip
angle might vary with depth (Cakir, 2003), but a relatively
good fit to the data is obtained assuming a constant dip to
the north of 50°–70° (Bürgmann, Ayhan, et al., 2002; Cakir,
2003).
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Figure 1. (a) Map of the study area showing the eastern end of the Mw 7.4 Izmit earthquake rupture and the Mw 7.1 Duzce earthquake
rupture as determined in this study. The base fault map is from Armijo (2005). The southern (Mudurnu) strand of NAFZ is also shown along
with ruptures of the twentieth century earthquakes from Barka (1996). The GCMT focal mechanism (blue) and the CMT computed from the
preferred model in this study (green) are shown for the Duzce earthquake. (b) Close up view of the Duzce earthquake area and the datasets
used in this study. The epicenter of the Duzce earthquake is represented by the red star. The surface rupture obtained from SPOT image cross
correlation is shown in green and horizontal slip vectors are shown in yellow along with 2  σ uncertainty ellipses. The edges of the four
segments used in this study are displayed in cyan. GPS displacements are shown with black arrows. Colored circles show the line of sight
displacements measured from InSAR (Bürgmann, Ayhan, et al., 2002). The color is coded according to the range change value. The locations
of the three near-field accelerometric stations used in this study are represented with green triangles. The inset shows the locations of the
teleseismic stations used in this study.
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The location of the epicenter (Fig. 1) and the local
strong-motion records indicate a bilateral rupture (Bouchon
et al., 2001; Bouin et al., 2004). A particularly interesting
aspect of the Duzce earthquake is that the rupture is argued
to have propagated to the east at supershear velocity, that is, a
velocity faster than the velocity at which S waves propagate,
while to the west, the rupture velocity was slower than the S
waves speed. Bouchon et al. (2001) reported a differential
arrival time between the S and P waves recorded at BOL
that was too short to be due to their different propagation
velocity given the distance of that station to the hypocenter.
Therefore, they argued that the rupture must have propagated
eastward faster than the S-wave velocity, so that the first
S-wave arrival observed at BOL were not coming from
the hypocenter but from the rupture front. Based on the
distance from the epicenter and S  P differential arrival
times, Bouchon et al. (2001) estimated the rupture velocity
to be 4 km=sec toward the east and 3 km=sec toward the
west. Birgoren et al. (2004) inverted the strong-motion data
for slip distribution and rupture velocity and produced com-
parable estimates of 3:5–4:8 km=sec eastward and about
3 km=sec westward.
Fault Trace and Surface Slip Measured from
Subpixel Correlation of SPOT Images
Near-field coseismic ground deformation can be mea-
sured from the subpixel cross correlation of optical images
acquired before and after an earthquake (Van Puymbroeck
et al., 2000; Michel and Avouac, 2002; Avouac et al.,
2006; Leprince et al., 2007). The technique is complemen-
tary to synthetic aperture radar interferometry, which gener-
ally fails in providing near-fault measurements, and to field
surveys, which can only measure the surface slip where good
piercing points are identified across well-localized surface
ruptures. In addition, the image cross-correlation technique
allows measurement of distributed inelastic strain.
We selected three panchromatic 10 m resolution Satel-
lite Pour l'Observation de la Terre (SPOT) images (Table 1).
The first image was acquired 2 months before the Izmit earth-
quake, the second image was acquired 47 days after the Izmit
earthquake and 40 days before Duzce earthquake, and the
third image was acquired 9 months after the Duzce earth-
quake (Table 1). Because InSAR and GPS measurements
have shown no evidence for significant shallow afterslip fol-
lowing both the Izmit and Duzce earthquake (Wright et al.,
2001; Bürgmann, Ergintav, et al., 2002; Hearn et al., 2002),
we consider that the surface faulting measured from these
images is primarily due to coseismic slip.
These three images were orthorectified using topogra-
phy from the Shuttle Radar Topography Mission 3 arcsec
(90 m) digital elevation model (DEM) and cross correlated
following the method of Leprince et al. (2007) implemented
Figure 2. East–west ground displacement field measured from the cross-correlation SPOT images. (a) Cross correlation of SPOT images
from 6 June 1999 and 12 July 2000, covering the coseismic motions of both the Mw 7.4 Izmit and Mw 7.1 Duzce earthquakes. (b) Cross
correlation of SPOT images from 10 October 1999 and 12 July 2000, covering only the Duzce earthquake. The insets show east–west dis-
placements within 2 km wide swaths along profiles AA′, BB′, and CC′.
Table 1
Information about the SPOT Images Used in This Study
Image Number Image Date (dd-mm-yyyy) Satellite Resolution Incidence
1 21-06-1999 SPOT 1–10 m 11°
2 03-10-1999 SPOT 1–10 m 10:4°
3 12-07-2000 SPOT 4–10 m 10:4°
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in the COSI-Corr software (see the Data and Resources
section). In practice the images are wrapped onto the topog-
raphy within the DEM resolution and coregistered in pairs
with 1=50–1=20 pixel accuracy. Special care is given to
the resampling operation in order to avoid aliasing in the
orthorectified images. Horizontal coseismic displacements
are then retrieved from the subpixel correlation of the ortho-
rectified images. Image correlation is achieved with an itera-
tive, unbiased processor that estimates the phase plane in the
Fourier domain. As a result, horizontal offsets are measured
with accuracy on the order of 1=20–1=10 of the pixel size.
This process yields two correlation images, representing the
east–west and north–south horizontal components of the
ground displacement field.
The ground displacement field measured from the cor-
relation of images 1 and 3 clearly reveals the surface faulting
due to the cumulative effect of the Izmit and Duzce earth-
quakes (Fig. 2a). The ground deformation measured from
the correlation of images 2 and 3 reveals the surface fault-
ing due to the Duzce earthquake only (Fig. 2b). We also
computed the ground displacement field due to the Izmit
earthquake only from the correlation of images 1 and 2 and
checked the self-consistency of all three measurements
(Fig. S1;Ⓔ available in the electronic edition of BSSA). The
offsets measured from correlating images 1 and 2 and those
measured from correlating images 2 and 3 do indeed add to
match the offsets measured from correlating images 1 and 3.
The fault trace deduced from the SPOT measurements
agrees very well with the field mapping of surface breaks
(Fig. 3a) but also suggests that the fault extends eastward
beyond the field-mapped fault trace. The SPOT images show
evidence for a 15 km long segment that bifurcates to the north-
east. This segment cuts across the topographic saddle that
separates the Duzce basin from the Bolu basin. This finding
is consistent with the inference made earlier by Cakir et al.
(2003), based on the modeling of the GPS and InSAR data.
To the west, the termination of the Duzce rupture coincides
preciselywith the restrainingbend located southofEftenLake.
Surface slip along the fault is measured from profiles run-
ning across the fault trace. Examples of such profiles, AA′,
BB′, and CC′, are shown in Figure 2 for both cross-correlated
images 1-3 (covering both Izmit and Duzce Earthquakes) and
2-3 (covering Duzce earthquake only). Profiles AA′ clearly
show that Duzce earthquake did not rupture to the west of
30.9°, and the slip in this area is due to the Izmit earthquake.
Profiles BB′ show clear right-lateral offsets that agreewithin a
couple of centimeters, indicating that only the Duzce earth-
quake ruptured the fault at this location. Note that the two pro-
files are not identical because of longwavelength artifacts due
to the changing attitude of the satellite during image acquisi-
tion that cannot easily be corrected forwith SPOT1 and SPOT4
images. Profile CC′ cuts through Eften Lake, where the sur-
face deformation is more complex and the noise on the
measurements is higher due to the lake. Interestingly, the
correlation images and profiles CC′ suggest that, in addition
to themain right-lateral strand of the fault, which runs south of
the Lake, there seems to be another strand running north of the
Lake but with a left-lateral sense of motion. However, better
resolution images would be needed to characterize that faint
feature.
We examined the surface-slip distribution derived from
the correlation of images 1 and 3, images 2 and 3, and images
1 and 2 by measuring the offset on profiles spaced about
every 1.5 km along the fault. Each profile corresponds to
a 1.5 km wide swath so the measurements can be considered
independent. The east–west and north–south component of
the horizontal slip vector across the fault was measured from
least-squares, fitting the measurements on each side of the
fault with straight lines and extrapolating to the fault trace.
The portion of the profile used for fitting a straight line on
both sides of the fault was chosen visually. Although the cor-
relations between images 1 and 2, 2 and 3, and 1 and 3 are
mutually consistent (Fig. S1; Ⓔ available in the electronic
edition of BSSA), surface slip measured from profiles that
run across the fault in the three correlation images may
not always be mutually consistent. Inconsistencies can arise
due to decorrelations that are not occurring at the same loca-
tions when the different pairs are correlated. Such inconstis-
tencies are observed in Figure 3b in the Eften Lake area
(where the fault slip due to the cumulative effect of the Izmit
earthquakes and Duzce earthquakes can differ from the
addition of Izmit and Duzce fault slips by as much as 1 m).
In Figure 3b the estimated fault slip distributions were forced
to be mutually consistent. Around Eften Lake, we have
chosen to either ignore (Fig. 3b) or take into account (Fig. 3c)
the strand with apparent left-lateral slip north of Eften lake.
The surface fault slip measured from images 2 and 3 com-
pares relatively well with the field measurements of fault slip
(Pucci et al., 2006) (Fig. 3b,c) between longitudes 31.15° E
and 31.35° E, where there is no ambiguity that the observed
offsets are due to Duzce earthquake alone. The SPOT mea-
sured surface slip shows a rather smooth distribution envel-
oping most of the field measurements. Our procedure leads
to smoothing of any variability of surface slip at length scales
less than about 1.5 km. The expectation is then that, if field
measurements were representing the true surface-slip distri-
bution and the medium around the mapped fault breaks were
elastic, the SPOT measurements would be closer to the aver-
age of the field measurements. The fact that the SPOT mea-
surements are enveloping the field measurements instead
suggests that most of the variability seen in the field measure-
ments is probably due to near-surface anelastic deformation
not represented in the field data.
Along the western segment of the Duzce rupture, the
comparison is more ambiguous because our measurements
suggest that the ruptures of the Duzce and Izmit earthquakes
overlap for about 10–15 km. We observe that the surface slip
measured along the main fault strand (ignoring the complex-
ity due to the apparent left-lateral slip strand north of Eften
Lake) matches the uppermost field measurements quite well,
as is observed further east. This suggests that the field
measurements there probably reflect the cumulative effect
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Figure 3. (a) Comparison of surface fault ruptures determined from the subpixel correlation of the SPOT images (red line) with the
ruptures observed in the field reported by Pucci et al. (2007) (blue dots). The cumulative distance along the fault is indicated. (b) Comparison
of right-lateral fault slip along the main fault trace measured in the field (blue circles with error bars) and from correlating the SPOT images
(red, green, and black curves) and ignoring the fault strand with apparent left-lateral slip north of Eften Lake. The abscissa corresponds to
longitudes to facilitate comparison with the map in (a). The black curve shows the distribution of fault slip derived from cross correlating
images 1 and 2, and therefore represents the effect of the Izmit earthquake only. The green curve shows the distribution of fault slip derived
from cross correlating images 1 and 3, and therefore represents the cumulative effect of the Izmit and Duzce earthquakes. The red curve
shows the distribution of fault slip due to the Duzce earthquake alone derived from subtracting the fault slip due to the Izmit earthquake from
the cumulative fault slip. (c) Comparison of right-lateral fault slip along the main fault trace measured in the field (blue circles with error bars)
and from correlating the SPOT images (red, green, and black curves) and taking into account the fault strand with apparent left-lateral slip
north of Eften Lake. The black curve shows the distribution of fault slip derived from cross correlating images 1 and 2, and therefore
represents the effect of the Izmit earthquake only. The red curve shows the distribution of fault slip derived from cross correlating images
2 and 3, representing the effect of the Duzce earthquake only. The green curve shows the distribution of fault slip derived from cross correlat-
ing images 1 and 3, and therefore represents the cumulative effect of the Izmit and Duzce earthquakes.
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of the two earthquakes. Surface ruptures due to the Izmit
earthquake were indeed observed in this area (Barka et al.,
2002; Rockwell et al., 2002), but the reported values of right-
lateral surface slip do not exceed 50 cm, representing only
about half the surface slip measured from correlating images
1 and 2. Although there is no ambiguity that both the Izmit
and Duzce earthquakes ruptured the Eften Lake area, due to
the noise level in the data and the complexity of the fault
pattern in that area, we cannot exclude that we may be over-
estimating the surface slip due to the Izmit earthquake and
underestimating surface slip due to the Duzce earthquake.
Nonetheless, the comparison of the surface-slip mea-
sured from the three pairs of images allows us to document
how the surface ruptures from the Duzce and the Izmit earth-
quakes abut each other. The Izmit earthquake was able to
rupture through the complicated fault geometry west of Eften
Lake but did not propagate much along the smoother Duzce
segment east of Eften Lake. The Duzce earthquake rerup-
tured the smooth Duzce fault segment but stopped relatively
abruptly west of Eften Lake. Although faint, the small left-
lateral fault strand just north of Eften Lake is an interesting
feature that could suggest that the Duzce rupture might have
produced some overshoot (excess right-lateral shear along
the main fault). However, this feature is probably only a
superficial effect. The slip distribution shown in Figure 3c
is probably more representative of fault slip at shallow seis-
mogenic depths and thus more appropriate to constrain the
kinematic source models.
Determination of Kinematic Source
Models: Method and Data
Method
The determination of a source model, for a given fault
geometry, is an underdetermined problem due to numerous
trade-offs among model parameters. Following the observa-
tion that most seismic ruptures seem to result from the
propagation of slip pulse (Brune, 1970; Heaton, 1990) the
inversion procedure can be regularized by assuming that
the rupture consists of the propagation of a rupture front with
a finite pulse width (e.g., Wald et al., 1991; Ji et al., 2002a).
However, even in this case, trade-offs remain between the
distributions of rupture velocity, rise time, and slip if only
seismological waveforms are inverted, especially when seis-
mic station distribution is sparse. It is thus generally found
that, in absence of geodetic constraints, a wide range of
kinematic models can fit the seismological observations
equally well (Konca et al., 2007). The trade-offs are signi-
ficantly reduced if geodetic observations of coseismic
deformation are available and inverted jointly with the seis-
mological observations. Even with these assumptions the
determination of a source with finite dimensions remains
generally underdetermined if the fault discretization is too
fine. One way to regularize the inversion is setting some con-
straints on the roughness of the slip distribution (Ji et al.,
2002a), which is the approach adopted here.
In practice, the kinematic models are characterized by
the location of the hypocenter, the distribution of finite slip
(rake and amplitude of slip), the distribution of rupture
velocity, and the distribution of rise time. The slip velocity
history at each subfault is assumed to rise following an arc of
a cosine function where the rise time is the width of this
cosine function (i.e., a quarter of the period). We use the
location and origin time determined from the dense local
short-period network (Aktar et al., 2000). In each inversion
we solve for the distribution of slip, rupture velocity, and
rake. Note that the time evolution of the rupture front is
determined by the hypocenter location and the distribution
of rupture velocity. Each fault segment is subdivided into
subfaults that measure 4 km along strike and 3 km along
Table 2
Velocity Model Used to Compute the Green’s Functions Used in the
Inversion of the Teleseismic and Geodetic Data from Sekiguchi and
Iwata (2002)
Top Depth (km) VP (km=sec) VS (km=sec) Density (kg=m3) QP QS
0 4.69 2.71 2.43 200 100
1 4.78 2.76 2.45 200 100
2 4.94 2.85 2.49 400 200
3 5.15 2.97 2.53 400 200
4 5.38 3.11 2.58 500 250
5 5.64 3.25 2.63 500 250
7 5.87 3.39 2.67 600 300
9 6.06 3.50 2.72 600 300
11 6.17 3.56 2.75 800 400
13 6.23 3.60 2.77 800 400
15 6.25 3.61 2.78 800 400
20 6.33 3.65 2.80 800 400
25 6.55 3.78 2.86 800 400
30 6.86 3.96 2.94 1000 500
35 7.20 4.15 3.04 1000 500
38 8.05 4.39 3.30 1000 500
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dip. The rake angle is constrained to be between 160° and
220°; the rupture velocity is either fixed to some a priori
value or allowed to vary between 2.5 and 4 km=sec. The
duration of slip at each subfault is given by the estimated
rise time at that point. The rise time is allowed to vary
between 1 and 6.2 sec with 0.4 sec intervals. The slip on
the shallowest subfaults is constrained to lie within the 2σ
range of surface slip measured from the SPOT images.
The overlapping sections of the fault planes are made con-
tinuous by setting slip to zero for the subfaults that lie on the
discontinuous portions of the overlapping planes.
We employed a simulated annealing algorithm to find
the best-fit model to the geodetic data and to the wavelet
transform of the seismograms (Ji et al., 2002a) (see the
Appendix for more details). The Green’s functions used to
invert the geodetic and teleseismic data were calculated using
the 1D elastic layered Earth model of Sekiguchi and Iwata
(2002) (Table 2). Each strong-motion station is associated
with a different 1D velocity structure based on Bouin et al.
(2004). More details about the modeling approach are given
in the Appendix.
Data
We use the GPS and InSAR dataset compiled by Bürg-
mann, Ayhan, et al. (2002). It consists of coseismic displace-
ments determined from the comparison of GPS campaign
measurements at 50 sites and measurements of line of sight
obtained from the Earth Resources Satellite InSAR images
displacements resampled at 234 points (Fig. 1b). Because
the Duzce earthquake is almost purely strike slip, the InSAR
data are primarily reflecting east–west displacements. These
data and their estimated 1  σ uncertainties are described
in detail by Bürgmann, Ayhan, et al. (2002) and Ayhan et al.
(2001).
We use strong-motion records measured at four stations
including three stations close to the fault, as well as one sta-
tion 65 km to the west of the rupture (Fig. 1b). Three of these
stations belong to General Directorate of Disaster Affairs and
one was installed by a French–Turkish team. The recorded
acceleration data were integrated once to obtain velocity and
band-pass filtered from 1 to 50 sec. This dataset is described
in detail by Bouin et al. (2004). The absolute timing of these
records is not known.
We also use teleseismic data from the Incorporated
Research Institutions for Seismology (IRIS) network (see the
Data and Resources section). We selected 19 P and 15 SH
waveforms based on their signal-to-noise ratio and azimuthal
distribution (Fig. 1, inset). The broadband seismograms were
band-pass filtered from periods of 1 to 50 sec.
Fault Geometry
We approximate the measured fault trace using a four-
segment fault model (Fig. 1b, Table 3). We determined the
best-fitting dip angle of each segment from the inversion of
GPS and InSAR data. We performed a grid search exploring
values between 55° and 75° with a 5° step (Table S1; Ⓔ
available in the electronic edition of BSSA). The best-fitting
solution corresponds, from west to east, to dip angles of 65°,
65°, 70°, and 60° to the north, all within the 50°–70° range
determined from the inversion of the same geodetic data
using a single fault segment (Bürgmann, Ayhan, et al., 2002;
Cakir et al., 2003). However, it should be noted that the
lateral variation of dip angle is not very well constrained.
In addition, these variations would imply that the adjacent
fault segments would not be continuous at depth although
the fault trace itself is continuous. Such discontinuities seem
implausible and are difficult to handle to determine kine-
matic source models. Therefore, we decided to assign the
same dip angle of 65° N to all four segments. This geometry
thus assumes that the connectivity of the fault segments at
depth is similar to the connectivity of the fault trace at the
surface. This solution yields a weighted residual sum of
squares (WRSS) of the residuals to the InSAR and GPS data
only 10% larger than the best-fitting solution with lateral var-
iations of dip angle (Table S1), and these two models corre-
spond to very similar slip distributions (Fig. S2;Ⓔ available
in the electronic edition of BSSA).
Moreover, this chosen geometry meets the requirement
that the fault has to meet the surface along the mapped fault
trace and pass through the hypocenter, which is well defined,
owing to the dense local short-period seismic network (Aktar
et al., 2000). This requirement implies an average dip angle
of 65° for the second segment, which is the one that must
contain the hypocenter given the location of the epicenter.
Although slightly steeper, the proposed fault geometry is
also in reasonable agreement with the Global Centroid
Moment Tensor (GCMT) solution (see the Data and Re-
sources section) that indicates a strike of 268° E, a dip angle
of 54° to the north, and a rake of 193°.
Table 3
Characteristics of the Four-Segment Fault Model Used in this Study
Segment Strike Dip Depth Extent (km) West End East End
1 266 65 19 30.93°–40.76° 31.17°–40.77°
2 268 65 19 31.17°–40.77° 31.34°–40.78°
3 279 65 19 31.31°–40.78° 31.41°–40.77°
4 252 65 19 31.41°–40.77° 31.50°–40.79°
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Kinematic Source Models Derived from
Near-Source Data
In this section, we comment on source models obtained
from the inversions of the near-field data, which contain the
most detailed information on the kinematics of the rupture.
The datasets included in these inversions consist of the GPS,
InSAR, and the strong-motion data, and slip on the shallowest
subfaults is constrained using the SPOT measurements of
surface slip.
We have run inversions assuming a constant rupture
velocity, chosen between 2 and 5 km=sec, and also assum-
ing a variable rupture velocity, allowed to vary in the range
2:5–4 km=sec (see Table 4 for model descriptions and
parameters). Figure 4a shows the obtained slip models. The
various models have similar slip distributions owing to the
constraints imposed by the GPS, InSAR data, and SPOT
measurements of surface slip, though variations in rake angle
exist. Rise time seems to correlate with slip (Fig. 4b) reach-
ing a maximum of 6 sec for the largest asperity east of the
hypocenter.
Because of similarity of slip models, these models
(Fig. 4a) yield quite similar misfits to the geodetic data.
The misfit is quantified from the mean weighted residual
sum of squares (mWRSS) defined as
mWRSS  dobs  dmodTcov1dobs  dmod=nobs; (1)
where dobs and dmod are the matrix representing the observed
and model predicted displacements, cov is the variance-
covariance matrix assigned to the data, and nobs is the num-
ber of observations in the considered dataset. When inverting
InSAR or GPS data separately, the mWRSS is close to 1
(Table 4) showing that the models fit the data within uncer-
tainties on average. The fits to the GPS and InSAR data are
shown in Figure 5 for our preferred model.
The model derived from the joint inversion of the geo-
detic and strong-motion data yields a somewhat better fit to
the GPS and InSAR data than the geodetic model of Bürg-
mann, Ayhan, et al. (2002), even though the model is also
fitting strong-motion data. The geodetic model of Bürgmann,
Ayhan, et al. (2002) yields a mWRRS of 2.14 to the GPS data
and 0.96 to the InSAR data (the reported WRSS is 321 for
GPS and 224 for InSAR). These values are indeed higher
than the mWRSS values of 1.70 to the GPS and 0.92 to
the InSAR data corresponding to our best-fitting model
(Table 4). For comparison, the model obtained by inverting
only the GPS and InSAR data using a single fault plane with
the same subfault sizes, velocity structure, and smoothness
results in a mWRSS of 2.21 for GPS and 2.38 for InSAR
(Fig. S3;Ⓔ available in the electronic edition of BSSA). This
shows the benefit of using a somewhat more realistic fault
geometry instead of a single planar fault model. More impor-
tantly, this comparison demonstrates the consistency of the
various datasets that are combined in our joint inversions.
One noteworthy point is that the models constrained from
only the geodetic data are characterized by relatively smooth
slip distributions, similar to the smooth slip variations
observed at the surface from the SPOT images. Surface mea-
surements of strain (GPS and InSAR) have limited resolution
on the possible slip heterogeneities at depth because of the
filtering effect of the elastic medium.
The various models listed in Table 4 thus have similar
smooth slip distributions but rather different rupture his-
tories. This is illustrated in Figure 4, where the isochrons
and rise-time distributions are shown. The slip models shown
are similar to the model obtained by Bouin et al. (2004) from
the joint modeling of the GPS and accelerometric records.
The main difference is due to the longer easternmost segment
in our model. Bouin et al. (2004) suspected the existence of
this eastern segment but did not include it in their modeling
due to the absence of any direct evidence. The models all
show a bilateral rupture, with most of the slip to the east of
hypocenter. Slip is mostly shallower than 8 km west of the
epicenter and extends between the surface and 15 km depth
east of epicenter.
No model with a constant rupture velocity higher
than 2 km=sec fits the data better than the others (Table 4).
By contrast, the model with variable rupture velocity
(VR2:5–4) fits the strong-motion data much better, especially
the record at station BOL (Fig. 6a). BOL is the station to the
east of the fault, which provided the key information for
the inference of a supershear rupture velocity from the P- and
S-wave differential arrival times (Bouchon et al., 2001). A
careful examination of the frequency content of the near-
source records at BOL and the shape and timing of the initial
Table 4
Characteristics of a Number of Kinematic Source Models Derived from the Inversion of Strong-Motion, GPS, and
InSAR Data Obtained with Various Constraints on Rupture Velocities (VR)
Model Name VR to the East of Hypocenter VR to the West of Hypocenter Waveform Misfit mWRRS (GPS) mWRRS (InSAR)
VR2 2 km=sec 2 km=sec 0.263 1.77 1.2
VR3 3 km=sec 3 km=sec 0.261 1.70 1.08
VR4 4 km=sec 4 km=sec 0.261 1.69 1.08
VR5 5 km=sec 5 km=sec 0.262 1.89 1.2
VR2.5–4 2:5–4 km=sec 2:5–4 km=sec 0.206 1.78 1.08
VREf_Ws 2:5–4 km=sec 2:5–3 km=sec 0.208 1.70 0.92
The mWRSS of the residuals is defined in equation (1). See the Appendix for details about the inversion method and
definition of the waveform misfit.
Rupture Process of the Duzce Earthquake from SPOT, GPS, InSAR, Strong-Motion, and Teleseismic Data 275
and stopping phase clearly indicate that a variable rupture
velocity around 4 km=sec is favorable in order to explain
the horizontal components (Fig. 6a). The difference in the
quality of fits becomes clear in the velocity and acceleration
records because taking the derivative of displacement wave-
forms increases the high frequencies in the waveforms, and
variations in rupture velocity become more important in
order to fit the observed waveform.
We also tested a model VREf_Ws (east fast, west slow)
in which the velocity is limited to the range 2:5–3 km=sec
toward the west and is in the range 2:5–4 km=sec toward
the east, so that supershear velocity is only allowed toward
the east. Both VR2:5–4 and VREf_Ws models fit the BOL
station waveforms equally well, indicating that the westward
rupture does not need to be supershear. This conclusion is
consistent with previous studies of this event (Bouchon et al.,
2001; Birgoren et al., 2004; Bouin et al., 2004).
The predicted and observed records at the two other near-
source stations, DZC and GOL, are shown in Figure 6b,c.
Station SKR is further away to the west and does not yield
much information about the source process. All of the models
fit this station well. The fit to the records at DZC and GOL are
of the same quality, independent of the constraints put on
the rupture velocity. This is possibly due to local trade-offs
between rupture velocity and rise time. Because the strong-
motion stations that recorded the Duzce earthquake did not
have reliable clocks, absolute arrival time is not part of the
strong-motion waveform modeling. Waveform modeling
without absolute timing can only resolve the differences of
seismic waves arriving after the first phase. For the stations
that are right on the fault, thewaveform is dominated by a very
local story of the rupture; therefore, rupture velocity may not
play a significant role in the shape of thewaveform. Thewave-
forms recorded at stations right on top of the fault zone are
Figure 4. (a) Slip and (b) rise-time distributions on the fault for source models obtained with various constraints on rupture velocity. The
rise times are shown for the subfaults that slip more then 0.5 m because the ones that slip less cannot be constrained reliably. The rupture front
isochrones are drawn for every 2.5 sec. The constraints for the displayed models are described in Table 4.
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more sensitive to the details of the rupture’s behavior at the
local site and from the local structure. Because BOL station
is off the fault and is affected by a broader area of the fault
zone, it is more sensitive to the variations in rupture velocity.
Moreover, because the slip pattern is constrained by geodetic
data, the waveforms recorded at BOL are particularly sensi-
tive to the rupture velocity. Hence, the observed sharpness in
waveform, the amplitudes, and the frequency content of the
seismogram at BOL require varying rupture velocity toward
the east. Based on this analysis, we determined a variable rup-
ture velocity for the Duzce earthquake.
We have also tested whether there would be an alterna-
tive solution to fit the waveforms at BOL with a rougher slip
distribution rather than varying the rupture velocity. An in-
verse model in which the slip roughness is not penalized and
the rupture velocity is fixed to 4 km=sec fails to provide any
good fit to the waveforms, especially at station BOL (Fig. S4;
Ⓔ available in the electronic edition of BSSA). We conclude
that the waveforms recorded at BOL require a variable rup-
ture velocity more than a rough slip distribution.
Although the slip amplitude seems to be stable when the
constraints put on rupture velocity are changed, our slip mod-
els do show some variability in rake angle both from model
to model and in each model itself (Fig. 4). These rake varia-
tions probably come out of the model because they provide
slightly better fit to seismograms. In order to assess the effect
of the rake variations to our inference on rupture velocity, we
also performed inversions with higher weight on smoothness
and tighter constraints on the rake angle. In the supplemental
material (Ⓔ available in the electronic edition of BSSA), we
show that smoother models with tighter rake constraints
yield very slightly higher misfit to strong-motion data, but
that the inferred rupture velocity, slip, and rise-time distribu-
tions are nearly identical to those obtained with looser con-
strains on rake (Fig. S5 and Table S2; Ⓔ available in the
electronic edition of BSSA).
Figure 7a shows the slip distribution in map view corre-
sponding to our best-fittingmodel (VREf_Ws). The coseismic
slip distribution shows in fact three distinct asperities (defined
as localized zones with locally larger slip) with about 15 km
typical length and peak slip ofmore than 5m.One asperity lies
at a shallow depth (less than 8 km depth) west of the hypo-
center. The dominant asperity is just east of the hypocenter
and centered at a depth of about 10 km. The third asperity
is shallower and corresponds to the easternmost segment.
The aftershocks are clustered between the large asperities
to the east and west with a gap around the largest asperity east
of the hypocenter.
Figure 7b shows the accumulated slip in every 2 sec. As
often observed in kinematic source inversions, the hypocenter
does not lie in an area with particularly large slip. In the first
2 sec of the earthquake, the rupture accumulates moderate
amounts of slip just to the east of the hypocenter, from 2–4 sec
there is more slip and the rupture velocity accelerates to
4 km=sec. Significant slip accumulation occurs to the east in
the 4–6 secwindow,where locally the rupture velocity ismore
than 4 km=sec, while the western segment does not accumu-
late much slip. In the 6–8 sec window, the rupture already
reaches 29 km to the east. The rupture then stops,whilemostly
shallow portions of the fault still keep sliding until 12 sec after
the onset of the rupture. Overall the rupture velocity is around
3:7–3:8 km=sec to the east and around 3 km=sec to the west.
Examination of the Teleseismic Records
Prediction of Teleseismic Data from the Near-Source
Seismic Data
We examine here the consistency of our preferred source
model derived from the near-field data, VREf_Ws, with the
teleseismic records. To do so, we computed the far-field seis-
mograms predicted from this near-source model (Fig. 8).
Figure 5. (a) Comparison between observed horizontal dis-
placements and those predicted from our best-fitting model (labeled
VREf_Ws in Table 4). The black arrows are the GPS data with their
2 σ uncertainties, and the red arrows are synthetics. (b) Com-
parison between observed line of sight displacements and those pre-
dicted from our best-fitting model (labeled VREf_Ws in Table 4).
Each data point is represented by a color coded circle, where the
outer larger circle is the observed value and the inner circle is
the model prediction. The other models listed in Table 4 yield
almost identical fits to the geodetic data.
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Figure 6. Comparison between observed strong-motion records and synthetic records predicted from the various models listed in Table 4.
(a) BOL, (b) DZC, and (c) GOL; see Figure 1b for the station locations.
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The predicted waveforms are similar to the actual records but
seem systematically delayed by 2 sec when compared to the
handpicked arrival times of the P and S waves. Note that
Figure 8 shows the time corrected (shifted) data to facilitate
visual comparison of the predicted and observed waveforms.
The predicted teleseismic P waves from the near-source
models are a bit more complex than the data. This is probably
related to the rake changes in strong-motion models that are
not required by the teleseismic data.
The observation of timing delay suggests that the initial
rupture, as captured by the local short-period network, is not
abrupt enough to be clearly seen in the teleseismic records.
This happens when the kinematic source model does not
involve much slip near the epicenter. Therefore, the hand-
picked P and S waves in the teleseismic records are probably
not coming from the hypocenter but rather from the main
asperity east that ruptured 2 sec after initiation. This phenom-
enon has been observed before in the 1989 Loma Prieta
earthquake, where both near-source and teleseismic data
existed (Wald et al., 1991). For the events where the hypo-
central area does not accumulate much slip, models based on
picking teleseismic arrivals tend to be more compact with
more slip at and around hypocenter. A typical example of
this kind of model is shown in Figure 9a where handpicked
arrival times and strike and dip from the GCMT solution were
used to model the Duzce earthquake.
Strong-Motion Estimation Using Teleseismic Data
and Utilizing Satellite Imagery
We now determine source models from the inversion of
the teleseismic records and discuss the possibility of predict-
ing near-field effects from such models and the benefit of
using a fault geometry, and surface slip, constrained from
remote sensing observations.
We produced three different models. In all three cases
we are using the same hypocenter as the one used in the
inversion of the near-source data. The first model (Fig. 9a)
is representative of a standard inversion of teleseismic
records that can be produced in near real time when only
seismological information from telemetered networks is
available. In this case, the fault is assumed planar and the
hypocenter, strike, and dip angle (N268°E, 54° N) are those
of the CMT catalog (see the Data and Resources section).
The second and third models (Fig. 9b,c) assume the
same four-segment fault geometry as the one used in the in-
version of the near-source data. These models thus incorpo-
rate the information on the fault trace as determined from the
SPOT image measurements of ground deformation. All three
models fit the teleseismic data approximately equally well
(Fig. S6, Ⓔ available in the electronic edition of BSSA;
Table 5). The teleseismic model that is the closest to the mod-
els derived from the near-source data (Fig. 7) is clearly the
Figure 7. (a) Map view of the slip distribution corresponding to our best-fitting model (labeled VREf_Ws in Table 4). Isochrons show
propagation of the rupture front every 2 sec. The relocated aftershocks (Bouin et al., 2004) are also shown. (b) Map view of slip accumulated
in 2 sec time windows.
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four-segment model that takes into account the surface-slip
measurements (Fig. 9c).
Figure 10 shows the near-field ground motion predicted
from these three teleseismic models. Here we have used the
same Green’s function, derived from the regional crust model
of Mindavelli and Mitchell (1989), at all four sites. This com-
putation is thus representative of what could be achieved in
near real time without any detailed information on the
local velocity structure. Table 5 shows the misfit between
the predicted and observed strong-motion data. As might
be expected from the comparison of the teleseismic
source models with the near-field model, the four-segment
model predicts the waveforms better than the one-segment
model and adding surface constraints further improves
the fits.
The comparison shows that the stations to the west of the
hypocenter (GOL and SKR) are predicted with much higher
accuracy when the four-segment fault geometry is used. The
record at DZC, close to the hypocenter, is predicted with
similar quality by all three models. None of the models
can explain the details of the record at BOL. This is not
surprising because modeling the data from BOL requires
a quite detailed kinematic source model, as discussed
previously.
Figure 11 shows the predicted peak ground velocity
(PGV) for the joint strong-motion and geodetic model
(shown in Fig. 7a) and the three teleseismic models shown
in Figure 9. The intensity of ground shaking scales with the
logarithm of PGV (Wald et al., 1999); therefore, distribution
of PGV maps derived from teleseismic data might be used to
rapidly estimate the distribution of damage after an earth-
quake. The comparison of the PGV map from joint model
with the teleseismic models shows that all teleseismic models
are sufficiently good to give a preliminary estimation of the
high PGVareas. However, the addition of a refined geometry
and surface offsets does improve the estimated PGV. Our
PGVestimates do not take into account the shallow structure
and are based on 1D Green’s functions, so the observed
intensities might differ significantly from our estimations
due to unaccounted local site effects. However, our model
is a good representation of the source process and is a step
forward for the estimation of ground motion.
Figure 8. The teleseismic displacement records (black curves) and synthetic waveforms (red curves) predicted from our best-fitting
model (labeled VREf_Ws in Table 4) obtained from the inversion of the strong-motion, GPS, InSAR, and surface offset data using
four-segment geometry. The data are shifted by 2 sec to be aligned with the synthetics. The station name, azimuth, and distance in degrees
are indicated on the left of each trace. The maximum displacement in microns is shown at the top right of each trace.
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Discussion
An Earthquake with Variable, Locally Supershear
Rupture Velocity
Our analysis shows that the Duzce earthquake ruptured
several connected fault segments over a distance of about
55 km. The fault trace has a relatively simple geometry
but accounting for this geometry has been important to re-
concile the geodetic and near-source strong-motion data.
The slip distribution is fairly smooth and the near-source
strong-motion data are best explained by the variability of the
rupture front velocity. Spatial variability of slip alone is not
sufficient to explain the near-source records at this station.
This result is consistent with some previous studies that
already pointed to the variability of rupture velocity based
on near-source strong-motion records (Hartzell and Heaton,
1983; Cotton and Campillo, 1995a; Olsen et al., 1997; Bou-
chon et al., 2002; Ji et al., 2002a) and dynamic models that
show that variations in stress lead to variations in rupture
velocity (Day, 1982; Madariaga and Olsen, 2000).
Our study also is in agreement with former studies
arguing that the rupture propagated at a supershear velocity
toward the east (Bouchon et al., 2001). In our best-fit model,
on average the rupture velocity is around 3:7–3:8 km=sec to
the east, while it is around 3 km=sec to the west. The rupture
was confined to depths less than 13 km. The shear-wave
velocity in the upper crust is estimated to vary from about
1:5–2 km=sec to about 3:5 km=sec at midcrustal depth
(Bouin et al., 2004) (Table 2). So, it is necessary that at least
locally the eastward rupture velocity was supershear, while it
may have remained sub-Rayleigh to the west.
Evidence for supershear rupture velocity has been
reported in a number of previous strike-slip earthquake
studies, starting with the 1979 Imperial Valley earthquake
(Archuleta, 1984), the 1992 Landers earthquake (Olsen et al.,
1997), and more recently for the 1999 Izmit (Bouchon et al.,
2000; Sekiguchi and Iwata, 2002), the 2001 Kunlun (Bou-
chon and Vallee, 2003; Walker and Shearer, 2009), and the
2002 Denali earthquakes (Dunham and Archuleta, 2004;
Ellsworth et al., 2004).
Supershear rupture is known to be possible both from
theoretical considerations (Burridge, 1973; Andrews, 1976)
and from experimental results (Rosakis et al., 1999; Xia
et al., 2004), but the conditions under which it can happen
in nature are not fully understood.
The Burridge–Andrews mechanism suggests that when
prestress is high enough a daughter crack is created at the
shear stress peak that runs in front of the crack tip. Lu et al.
(2007) have shown that this mechanism can be generalized
and that the supershear transition can occur under various
conditions such as when patches with lower static strength,
high prestress, or a preexisting subcritical crack meet the
P and S waves in front of the crack. Dunham et al. (2003)
proposed a barrier mechanism where rupture is first delayed
by a high strength barrier, which then starts rupturing and
leads to a supershear rupture due to stress concentration from
the breaking of the barrier. It should be noted that our mod-
eling approach assumes a single rupture front. In reality the
rupture front could jump ahead when P and S waves radiated
from the rupture front trigger slip at some asperity with high
prestress or low strength and accumulate more slip at the
arrival of a sub-Rayleigh crack front, as observed in some
dynamic models (Liu and Lapusta, 2008). This type of mech-
anism is possible and cannot be excluded.
Because of the limitations due to our modeling approach
and the available data, it is not possible to unequivocally re-
cover the exact mechanism that might have led to supershear
rupture velocity. However, the relative smoothness of the
fault trace and surface-slip vectors of the supershear segment
suggests that the fault geometry has been an important factor
favoring a cracklike supershear rupture.
Although our model uses a relatively complex geometry
based on surface break, it is important to note that how the
fault segments connect at depth is not clear, which could affect
Figure 9. The map view of models (a) one-segment teleseismic
inversion, (b) four-segment teleseismic inversion, and (c) four-
segment, teleseismic inversion with constraints on surface slip.
Table 5
The Teleseismic Models and Their Misfit to Teleseismic
and Strong-Motion Data
Model Teleseismic Error Strong-Motion Error
One segment 0.210 0.64
Four segment 0.228 0.48
Four segment with
surface constraints
0.231 0.44
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the results for the rake and the rupture velocity slightly.
Moreover, our results for the rupture velocity might depend
on the symmetric cosine function that we have used for the
rise time. More complicated slip functions might give differ-
ent values for the rupture velocity. Also it is important to note
we have modeled the strong-motion seismograms with 1D
velocity structures. Any 3D effect that might have modified
the waveforms significantly might have been mapped to the
source leading to models with variations in rupture velocity.
Influence of Fault Geometry on the Rupture Process
As noticed for the Izmit, Denali, and Kunlun earthquakes
(Bouchon and Karabulut, 2008), we notice that the segment
Figure 10. (a) The geometry of the two models and the locations of strong-motion stations. (b) Predictions of strong-motion data from
one-segment and four-segment models. The unfiltered strong-motion data are shown in black with the peak amplitude shown in centimeters
per second on top of the waveforms.
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with supershear rupture velocity is characterized by an
extremely sharp and smooth fault trace, as shown by the SPOT
image measurements of coseismic deformation (Figs. 2
and 3a). By contrast, the extremities of theDuzce rupture have
a more complex geometry, with stepovers and change in the
orientation of the fault trace, which may have inhibited the
rupture propagation.
These observations indicate that a simple straight
and well-oriented (with respect to the regional stress tensor)
fault trace are important factors to reach supershear rupture
Figure 11. PGVmaps predicted from the best-fitting model derived from the inversion of the strong-motion and geodetic data (top, model
VREf_Ws in Table 4) and from the inversion of the teleseismic data assuming either a single planar fault or a more realistic four-segment fault
geometry and with or without constraints on surface fault slip.
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velocity, while geometrical complexities tend to stop the
earthquake.
Bouchon and Karabulut (2008) emphasize that one char-
acteristic of supershear segments is that surface-slip vectors
are almost purely strike slip. This is consistent with our SPOT
measured offsets, which clearly show that, just to the
east of the epicenter, where rupture velocity is supershear,
surface slip is almost purely strike slip, while all along
the west of hypocenter, and at the eastern end of the rupture
surface-slip vectors are more oblique to the local fault trace
(Fig. 1a). Supershear velocities can occur only in mode II
cracks, where the slip vector is parallel to the rupture propa-
gation. Therefore, smooth, straight fault segments with
purely strike-slip motion are probably more susceptible to
generating faster ruptures. Our image cross-correlation tech-
nique measures offsets in two horizontal dimensions rather
Figure 12. (a) Slip and rise-time distributions obtained from the joint inversion of the InSAR, GPS, and strong-motion data with different
constraints on the range of rise times (1–2, 1–3.6, and 1–6.2 sec). The rise times are shown only for the subfaults with more than 0.5 m slip.
(b) Observed and predicted velocity waveforms for the three models shown in (a). The waveform misfit values, as defined in the Appendix,
are given in the caption.
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than just as strike-slip offsets on fault, so it provides useful
information to identify supershear segments.
Bouchon and Karabulut (2008) have also reported that
supershear segments are characterized by a lack of after-
shocks on the main fault and that aftershocks around the
supershear patch are mostly on secondary structures. For
the Duzce earthquake, in addition to the clear gap in after-
shocks to the east of hypocenter (Fig. 7a), they show that to
the east of hypocenter where the fault is straight and planar,
the aftershocks are mostly distributed off the main fault on
secondary structures.
Rise Time
Our best-fitting model shows that rise time varies from 1
to 6 sec and tends to scale with the amount of slip (Fig. 4). To
test whether these values are well resolved, we have run in-
versions with a narrower range of rise times (1–3.6 sec and
1–2 sec). Figure 12a shows the rise time and slip distribution
resulting from the inversions with various constraints on rise
time. Figure 12b shows that the fit to the waveform gets only
slightly worse when the rise-time range is constrained to be
shorter, implying that rise time is not as well resolved as rup-
ture velocity or slip distribution. As the rise time is con-
strained to a narrower range, the area with maximum limit
of rise times broadens, leading to a similar waveform fit.
However, the east and vertical component ofDZC and the
north component of the BOL and all components of SKR
show that models that allow longer rise times fit this data
slightly better especially at the long periods where the longer
rise times actually matter as revealed from the waveform mis-
fit values (Fig. 12b). In the caseswhere rise time is constrained
to be less than 3.6 and 2 sec, the regions that slipmore than 4m
tend to have the maximum allowed rise-time value (Fig. 12).
So, either the high slip portions ruptured almost at a homo-
genous rise time of 2–3 sec, or the rise time scaled with slip
with values up to 6 sec. The Bouin et al. (2004) model also
shows rise times of about 5 sec.
We infer that long rise times of up to 6 sec in the main
slip patches seen in our preferred model can be plausible. In
that case, the rise time seems to correlate with the total slip,
suggesting an almost uniform sliding velocity of 1 m=sec.
Considering that the rupture duration is about 8 sec, for
the high slip asperities, the rise time is of the same order
of magnitude as the total rupture duration. This observation
contrasts with the common view that the rise time is typically
one order of magnitude smaller than the total duration of the
earthquake (Heaton, 1990). Short rise times would arise in
the presence of heterogeneities of fault strength (Beroza
and Mikumo, 1996) or strong velocity dependence of the
friction law (Heaton, 1990). It might then be argued that
the asperities of the Duzce rupture were possibly devoid
of such heterogeneities of fault strength or that the stress
level was high enough to overcome velocity dependence
favoring longer rise times, hence, possibly leading to crack-
like rupture; however, the limited resolution of the rise time
should be noted.
In all three models, the rupture velocity is allowed to
vary between 2.5 and 4 km=sec, while rise times are con-
strained to different ranges. The time contours of the rupture
front in these various models (Fig. 12) are nearly identical,
demonstrating that the best-fitting rupture velocity does not
trade-off with rise time. This is probably because for the
BOL station, whether there is a small patch that ruptures
in 6 sec or a larger patch that ruptures in 2 sec, the waveforms
are not too different in the high frequencies unless the rupture
velocity is changed. Thus, the horizontal components of the
waveforms recorded at BOL still require faster rupture veloc-
ity to the east.
On the Possibility of Estimating Near-Field Effects
Based on Teleseismic Source Modes
Our study demonstrates that the subpixel cross correla-
tion of images could contribute to improvements in the rapid
analysis of large earthquakes, provided that the imagery data
would be available and processed sufficiently early satellite
imagery can indeed provide useful information on the fault
geometry and surface slip. The measurements of surface rup-
ture can give direct information on where potentially dam-
aging permanent strain may have occurred. In addition, as
shown in this study, it can also help in refining the fault geo-
metry used to derive finite source models from teleseismic
records, allowing for more reliable estimate of near-field
strong motions. This procedure to estimate near-field effects
would be most useful in areas not instrumented with teleme-
tered strong-motion stations. It should be noted that local site
effects exert also some very important control on near-field
strong motion and damages and would need to be taken into
account. Some global databases exist, in particular the U.S.
Geological Survey (USGS) global VS30 database (Wald and
Allen, 2007) that could be used to estimate these effects
a priori.
Conclusion
We have successfully measured ground deformation
from the correlation of SPOT images before and after the
Duzce earthquake revealing a longer fault trace than the one
mapped in the field and a smoother surface-slip distribution.
We propose a refined source model of the Duzce earthquake,
derived from the inversion of all the available strong-motion,
GPS, and InSAR data and using a four-segment fault geome-
try with surface fault slip constrained from the SPOT images.
The model fits the data significantly better than one-segment
planar fault models. This study demonstrates the importance
of taking into account details of the fault geometry to derive
earthquake source models. If our inference of long rise times
is correct, the Duzce earthquake looks like a cracklike rup-
ture where the slip scales with rise time. The complexity
of the near-field records is inferred to primarily reflect
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variations of the rupture velocity rather than heterogeneities
of the slip distribution. Our analysis of the rupture velocity is
consistent with previous studies showing that the rupture
velocity is probably supershear toward the east and subshear
toward the west (Bouchon et al., 2001; Birgoren et al., 2004;
Bouin et al., 2004). As already reported in some previous
studies (Wald et al., 1991), the early low initiation of the
earthquake does not show up in the teleseismic records so
that the locally determined epicenter and origin time might
substantially differ from those inferred from teleseismic
observations, not only because of the Earth structure but also
because of the source characteristics. The study demonstrates
the benefits of using remote sensing data routinely, and even-
tually in real time, to refine finite source models of large
earthquakes.
Data and Resources
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Appendix
We used the inversion method of Ji et al. (2002b) that
uses the simulated annealing method, which involves search-
ing the bounded parameter space starting from a random
model. The joint inversions require fitting the wavelet trans-
form of seismograms and geodetic data. The seismograms
are calculated by
ut 
Xn
j1
Xm
k1
DjkYjk~x; t  djk=Vjk _Sjkt; (A1)
where J andK are indices of summation along strike and dip,
respectively, Yjk are the subfault Green’s functions, Djk are
the dislocations, Vjk are the rupture velocities between the
hypocenter and subfaults, and djk are the distances of the
subfaults from the hypocenter. The rise time for each element
is given by Sjkt. Both the Vjks and Sjkts control the tim-
ing of the contribution from each subfault. Thus, the Vjks and
Sjkts are extremely important in estimating strong motions.
We approximate the latter as a modified cosine function
defined by one parameter, as first proposed by Cotton and
Campillo (1995b). These seismograms are then transformed
to the wavelet domain to use the time and frequency varia-
tions in the signal.
The misfit between the measurement and synthetic
waveforms is quantified by the sum of L1 and L2 norms
of the seismograms in different wavelet channels:
el 
Xjjc
jjmin
wj
2
4 1
kj
Xkj
k
joj;k  yj;kj 

1
kj
X
oj;k  yj;k2
s 35;
(A2)
where oj;k and yj;k are the wavelet coefficients of the ob-
served and synthetic seismogram for station k and wavelet
index j, and wj are the weight of each wavelet channel
(Ji et al., 2002a). The static displacement Green’s functions
are calculated with the method developed by Xie and Yao
(1989). The model prediction is done by adding the appro-
priate Green’s functions from the point sources of the finite
fault. We compare the quality of the fit to the geodetic data
provided by each source model based on the reduced chi-
square criteria defined as
χ2r 
1
n
Xin
i1
predi  obi
σi

2
; (A3)
where n is the number of geodetic data, σi is the uncertainty
associated for each measurement obi, and predi is the pre-
dicted displacement at site i.
In addition, we constrain the solution by requiring mini-
mization of slip difference between adjacent faults (smooth-
ing) and minimizing the moment difference from an a priori
value (moment constraint). The objective function is
misfit  eWF WSTeST WsmeSM WMOeMO; (A4)
where eWF is the waveform error, WST is the weight of the
static data, eST is static data error,wSM and eSM are the weight
and error for smoothness, respectively, and wMO and eMO are
the weight and error for moment constraint, respectively.
All inversions start with a random initial model. The
weight of the static error is then chosen to be equal to the
waveform error. Weights of the constraining parameters
are determined by trial and error. As the bound parameter
space is searched, the objective function is minimized with
800 iterations.
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